The effects of exercise on circulation have been well documented in numerous published research studies using pulsedwave Doppler. Spectral Doppler demonstration of these effects, however, has been restricted to comparisons of flow before exercise and after exercise. The very nature of the Doppler effect has limited the analysis of peripheral vascular flow to immobile structures, eliminating any extraneous movement. Could spectral Doppler be used to evaluate the hemodynamic effects of repetitive limb movement as it occurred? This was the question posed by a team of researchers investigating the hemodynamic effects of the repetitive motion created during use of the Treadwell ® . The novel technique of pulsed-wave Doppler investigation during repetitive limb movement was employed to investigate and demonstrate these hemodynamic changes. Blood flow velocity was measured in the superficial femoral artery (SFA) and femoral vein (FV) to determine the hemodynamic changes occurring during repetitive, active-assisted motion in the most distal part of the lower extremity. Spectral Doppler analysis conducted during repetitive flexion and extension of the ankles demonstrated an initial increase in venous outflow, followed by an increase in arterial flow velocity into the lower extremity. As muscle activity continued, pulsed-wave Doppler demonstrated and documented a conversion from the typical highresistance flow pattern in the SFA at rest to a low-resistance flow pattern, typically seen immediately following exercise.
Doppler studies of the lower extremity are typically performed with the patient in the supine position while the limb being examined remains immobile during the study. By design, this would not be the case for the Treadwell ® investigations. The purpose of this study was to evaluate the feasibility of spectral Doppler for the evaluation of the hemodynamic effects of repetitive limb movement as it occurred. For the purposes of these tests, the participants were seated in a chair with their feet on the platform of the treadle device. Doppler interrogation of the femoral vein (FV) and superficial femoral artery (SFA) was performed at the upper thigh level first with the patient at rest, then while the feet were in repetitive flexion/extension motion on the device, and then again at rest. Blood flow velocity was measured to determine the hemodynamic changes in the lower extremity during this repetitive, active-assisted movement.
Materials and Methods
The Treadwell ® employs an inertia ring connected to a platform onto which users place their feet. Use of the treadle device ("treadling") requires very little exertion. With the initial dorsiflexion of the ankles, the inertia wheel is set into motion, which causes the platform to pivot back and forth under the feet while continuing to be propelled by almost insignificant, active, plantar flexion. This momentum creates active-assisted movement of the ankles that can be continued with little or no effort, as slow or as fast as desired.
To determine the hemodynamic changes in the lower extremity during treadling, flow velocity was examined in the proximal to mid-SFA and the FV with an Acuson Aspen (Mountain View, California) duplex sonography system with a 5-MHz linear array probe.
Studies were conducted according to the following protocol. Eleven participants ranging in age from 37 to 72 years were examined. Of these, three were women and eight were men. Nine participants were tested on two occasions, and two participants were only tested on one occasion each, giving a total of 20 studies. All repeat tests on the same individuals were done at least a week apart. Their physiques and health status are recorded in Table  1 and vary from a healthy male triathlete and a female runner to older sedentary men with a number of comorbidities. Only one (a 64-year-old man with claudication) reported a history of peripheral arterial disease.
Participants were brought to the sonography laboratory at least 20 minutes before the start of their tests and asked to sit and relax to allow their vital signs to settle and to allow them to adjust to room temperature (constantly from 72.4-72.8°F for all tests). They were then seated in a standard desk chair and asked to place their feet on the platform (Figure 1 ) but not to move their feet until instructed to do so.
Using pulsed-wave and color Doppler, the sonographer obtained baseline right FV and SFA readings from the proximal to mid-thigh region, below the confluence of the femoral veins and the greater saphenous vein for 5 minutes. Care was taken to maintain a Doppler angle between 45 and 60 degrees with a narrow sample gate positioned in the center of the vessel. Peak systolic velocity (PSV) and end-diastolic velocity (EDV) measurements were made of the Doppler spectrum from the SFA, and maximum and minimum velocity measurements were made of the Doppler spectrum from the FV. The nurse obtained a pulse rate and blood pressure reading from the left upper extremity and the respiratory rate as initial data points.
Once the baseline measurements were obtained, a stopwatch was then started. At intervals as close to 1 minute as possible, the PSV and EDV measurements of the SFV and maximum and minimum velocity measurements of the FV were repeated as participants treadled on the Treadwell ® over a 10-minute period at a comfortable constant rate (generally in the range of 120 rpm). The study concluded after velocity measurements were repeated during a 5-minute posttreading rest period (Table 2) .
Before, during, and after the test period, participants were frequently asked if they felt discomfort anywhere, became short of breath, or experienced any other symptoms. They were also asked to spontaneously report discomfort of any kind.
All tests were performed by the same registered vascular technologist (RVT) with 23 years of experience in vascular sonography. The vital signs were taken and recorded by an experienced registered nurse (RN) using the same standard sphygmomanometer for each examination. Three different Treadwell ® models (P2, P3, and P52) were used with no apparent difference in the results.
Results
The first obstacle in using pulsed-wave Doppler during repetitive limb movement required that the sonographer overcome inherent reservations regarding the performance of Doppler on an extremity in motion: a dynamic Doppler evaluation. Admittedly, the first testing session was more difficult than performing Doppler on an immobile extremity. However, after further experience with the treadle device, Doppler spectral traces were virtually free of artifacts related to the treadling motion of the feet and ankles. The initial baseline Doppler spectrum waveforms revealed typical triphasic patterns found in the SFA of normal individuals at rest. Mean PSV of the SFA at rest was 0.73 m/s with a mean EDV of .0115 m/s. These high-resistance waveforms persisted throughout the 5-minute resting period. Doppler signals from the FV exhibited very low velocities at the baseline sample and during the 5-minute rest period. This was to be expected as the participants were scanned while seated in an upright position, increasing hydrostatic pressure in the lower extremity. 1
Venous Analysis
Once the participants began treadling, immediate changes were detected on pulsed-wave Doppler samples. The most immediate changes occurred within the FV, with each dorsiflexion of the foot producing a brief, low-velocity increase in antegrade flow velocity similar to manual calf augmentation but on a smaller, repetitive scale. Maximum velocity in the FV increased on average from 0.1 to .285 m/s, a near threefold increase within 2 minutes of the start of treadling. Minimum velocity in the FV increased on average from 0.01 to 0.07 m/s within 2 minutes of the start of treadling. Maximum and minimum velocities remained constant during the 10-minute treadling period, and both maximum and minimum velocities returned to the resting state within 4 
Arterial Analysis
Notable hemodynamic changes occurred in the SFA within 1 to 2 minutes of the start of treadling. The normal, highresistance (triphasic) waveform seen on the baseline and resting samples quickly converted to a low-resistance waveform. Sharp systolic peaks began to broaden, and the diastolic flow reversal rapidly converted to continuous forward flow. Mean EDV in the SFA rose from a resting velocity of 0.01 m/s to a mean average treadling velocity of .165 m/s, an increase of 1580% or a 16-fold increase.
Mean PSV values in the SFA increased from a resting value of .75 to 1 m/s, a 33% increase ( Figures 6 and 7) . See Figures 8 and 9 for duplex images of the SFA at rest and during treadling.
All participants tested experienced similar hemodynamic changes in the SFA and FV during the tests, despite the range of their physiques, health status, and presence of comorbidities. The conversion of waveforms from high resistance to low resistance was appreciated throughout each study. However, because of the need for quantitative measurements in our protocol, the pattern of conversion was interrupted by freezing the image once per minute for PSV and EDV measurements. After these initial investigations were completed, a continuous video recording over a span of 4 minutes was obtained documenting the complete course of conversion from high-resistance waveform at rest to a low-resistance waveform during treadling and eventual return to high-resistance after treadling ceased.
Discussion
Flow volume in a simple system increases when either the pressure gradient increases or resistance to flow decreases. In the upright individual, peripheral venous flow is normally accomplished by the intermittent reduction in intrathoracic pressure during pulmonary inspiration and systolic contraction of the heart creating arterial pressure waves with resultant energy differences between the venous and arterial systems. The multiple venous valves in the lower extremity keep the blood from falling back down the veins and pooling in the vessels of the foot, ankle, and calf. Add hydrostatic pressure in the vascular system to the equation, and the veins of the lower extremity are under more pressure than at any other location in the body. Increased venous pressure can lead to incompetent valves, varicose veins, and other conditions that result in extravasation of fluid into the extracellular spaces, causing edema, skin pigmentation, and ulcerations. 2 The Treadwell ® was designed by a physical therapist who observed that there were no types of exercise equipment that used momentum to provide massive repetitions of beneficial movement. He sought to provide some type of device that would reproduce the actions of exercise, while allowing the user to be involved in other productive mental activities.
The designer of the treadling device hypothesized that the benefits from routine use would include decreased leg cramping, decreases in restless leg syndrome symptoms, reduction in calf edema, decreased healing time for leg ulcerations, increased concentration on a task during use, and a general feeling of increased energy. It was believed that these benefits would result from hemodynamic changes occurring during use of the Treadwell ® .
Hemodynamics During Exercise
The results of our investigations indicate that treadling produces increased blood flow velocity in the lower extremity. Demonstrated on the spectral display of the sonography system is a decrease in the resistance of the lower extremity vascular bed. The hemodynamic changes demonstrated during treadling are comparable with those occurring with exercise. Treadling, however, does not seem to be fatiguing. Instead of rigorous muscle contractions that occur with exercise, treadling activates the calf pump with repetitive gentle muscle stretching and muscle contractions created by the dorsiflexion and plantar flexion of the ankle. The conversion from a high-resistance vascular bed to a low-resistance vascular bed occurs normally in the lower extremity under conditions such as exercise, where demand for blood flow to the extremity is increased. These changes have been documented with spectral Doppler readings taken before and after exercise, 2 but continuous demonstration of the course of conversion has not been reported, presumably because the use of Doppler while the limb is in motion is typically impractical. The Treadwell ® permits movement of the feet with inconsequential thigh motion, allowing simultaneous spectral Doppler demonstration of related hemodynamic changes throughout the activity cycle.
Vasodilation Mediators
These results led to the question of what mechanisms are behind the conversion of a high-resistance vascular bed at rest to a much lower resistance vascular bed within seconds of the start of treadling. From a strictly hemodynamic standpoint, treadling apparently causes intermittent pressure changes in the anterior and posterior compartments of the calf. As these muscles contract and stretch during flexion and extension, the deep veins running through the muscles are compressed, propelling the blood upward, out of the calf. The venous system is emptied faster and more efficiently during treadling than under resting conditions. The resulting decrease in venous pressure creates a feed-forward 3 increase in lower extremity outflow. Research has shown that a mechanosensitive response within the smooth muscle and/or endothelium can occur simply as a result of compression of the intramuscular arterioles during a contraction. 3 Contractioninduced vasodilation 4 could explain the immediate changes in the SFA waveform at the start of treadling.
The complex physiology of the vascular system must also be considered. The factors that initiate rapid vasodilation at the onset of exercise have been found to be distinct from the factors that sustain vasodilation. 3 Although identification of the exact factors or combination of factors that control exercise hyperemia continues to elude researchers, 5 flow-mediated vasodilation and nitric oxide released by the endothelium have been identified as contributors. [6] [7] [8] Doppler waveforms obtained during treadling indicated a rapid response at the onset of treadle motion and a steady increase in diastolic flow to a level that was sustained for the duration of the treadle use. After treadling ceased, the gradual decrease in diastolic flow and delayed but eventual return to a triphasic waveform would suggest a continued vasodilator bioavailability extending briefly beyond the cessation of muscle activity. 3
Limitations and Advantages
This initial experiment with the Treadwell ® included a very small study population of 20 studies on 11 participants. Future experiments are planned to include larger study populations. The goal of our study was not to prove or disprove any hypotheses made by the designer of the Treadwell ® . The major focus of our testing was to determine what effect the active-assisted treadling motion would have on the hemodynamics of the lower extremity. As such, we did not include methods to determine the factors controlling vasodilation 8 or determine the precise number of cardiac cycles before vasodilation occurred.
The majority of research using pulsed-wave Doppler sonography to study vasodilation has been performed on vessels of an immobile extremity while exercise effects were simulated using external compression, isometric exercises, or reactive hyperemia. 4, [6] [7] [8] [9] [10] The novelty in our testing used the treadle device to provide the advantage of dynamic peripheral vascular sonography to demonstrate the hemodynamic effects of muscle activity as they occurred, without introducing variables resulting from external compression and ischemia.
Conclusion
The novel technique of pulsed-wave Doppler investigation during muscle activity indicates that treadling is an efficient means of reducing venous pressure in the lower extremity and increasing arterial inflow. These hemodynamic changes are most likely the result of vasodilation of the microcirculation. The Treadwell ® device uses inertia instead of effort to stretch the calf muscles. Because the deep veins in the legs are surrounded by muscles, which are themselves surrounded by nonelastic fascia, when the muscle contracts, the veins are compressed, propelling blood out of the calf veins toward the heart. 11 With almost no effort and by employing repetitive active-assisted stretching of the muscles, treadling can be continued for long periods without fatigue. Treadling produces the hemodynamic effects of muscle activity with minimal effort by activating the calf muscle pump during the motion of treadling.
The improved circulation in the lower extremities could prove beneficial in a multitude of lower extremity disorders related to the peripheral vascular system. As vasodilation occurs, arterial flow is increased in the lower extremity, thereby increasing oxygen delivery to the tissues of the calf, ankles, and feet. Several additional studies using the treadle have been proposed for the future, including investigation of skin temperature changes, tissue edema reduction, mitigation of restless leg syndrome symptoms, claudication studies, and hemiplegic stroke rehabilitation.
In addition to the benefit of improved vascular function, the Treadwell ® may also serve as a new means of investigating arterial and venous disorders in the lower extremity and heart. As upper extremity blood flow patterns after tourniquet ischemia have been found to reflect the condition of the coronary arteries, 9 and we have reason to believe that treadling increases upper extremity blood flow, treadling may provide similar information but without the variables introduced by ischemia. The comparisons of studies in normal participants to those with conditions such as arteriosclerosis, venous insufficiency, and lymphedema, for example, are but a few of the future possibilities of dynamic evaluation of peripheral vascular function. The potential for clinically meaningful research remains to be seen.
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